Potential conflict of interest: Nothing to report.

Supported by the National Key Research and Development Program of China (2017YFC0906900), the projects (No. 21375127) and key project (No. 21435006) from the National Natural Science Foundation of China and the National Grand Project (2012ZX10002‐011) of Science and Technology of China.

AFP

:   α‐fetoprotein

AUC

:   area under the receiver‐operating characteristic curve

CHB

:   chronic hepatitis B

Cir

:   cirrhosis group

ESI

:   electrospray ionization

GCA

:   glycocholate

GSC

:   gastric cancer

HCC

:   hepatocellular carcinoma

HCT

:   HCC tissue

ICC

:   intrahepatic cholangiocarcinoma

LC‐MS

:   liquid chromatography‐mass spectrometry

NC

:   normal controls

Phe‐Trp

:   phenylalanyl‐tryptophan

QC

:   quality control

S‐HCC

:   small HCC

VIP

:   variable important in the projection

Hepatocellular carcinoma (HCC) is one of the most fatal malignancies, causes approximately 7 million deaths worldwide, and exhibits a significant decrease in the 1‐year to 5‐year survival rate from 47% to 10%.[1](#hep29561-bib-0001){ref-type="ref"}, [2](#hep29561-bib-0002){ref-type="ref"} About 50% of all new cases and deaths related to liver cancer worldwide occur in China.[2](#hep29561-bib-0002){ref-type="ref"} Although risk factors (e.g., liver cirrhosis) are well recognized, the early diagnosis of HCC in high‐risk populations remains challenging due to the early recessive clinical symptoms and the difficulties in differential diagnosis with cirrhosis.[3](#hep29561-bib-0003){ref-type="ref"} Imaging methods (such as computed tomography and ultrasonography) and serum biomarkers (e.g., α‐fetoprotein \[AFP\]) are commonly used to screen and diagnose HCC in the clinic. However, it is still challenging to distinguish small HCC (S‐HCC) from cirrhosis nodules solely by imaging. On the other hand, the sensitivity of AFP is limited to 65% for clinical HCC diagnosis and \<40% for preclinical prediction.[4](#hep29561-bib-0004){ref-type="ref"} Therefore, it is still urgent to discover novel biomarkers for the screening of HCC.

Circulation biomarkers can facilitate the screening of cancer, understanding of tumor biology, and early discovery of recurrence with minimum invasion.[5](#hep29561-bib-0005){ref-type="ref"} The study of circulating biomarkers is of great concern due to the identification of more and more serum molecules, such as proteins, metabolites, and microRNAs recently.[6](#hep29561-bib-0006){ref-type="ref"} Liquid chromatography--mass spectrometry (LC‐MS)--based metabolomics is a powerful tool that has been used to discover novel circulating biomarkers for many diseases.[7](#hep29561-bib-0007){ref-type="ref"}, [8](#hep29561-bib-0008){ref-type="ref"}, [9](#hep29561-bib-0009){ref-type="ref"} An increasing number of studies have screened candidate biomarkers from body fluids (plasma, serum, and urine) or liver tissue that may be used to diagnose HCC.[9](#hep29561-bib-0009){ref-type="ref"}, [10](#hep29561-bib-0010){ref-type="ref"}, [11](#hep29561-bib-0011){ref-type="ref"} For example, a urinary biomarker panel consisting of four metabolites has been reported to classify HCC and cirrhosis with an area under the receiver‐operating characteristic curve (AUC) of 0.9.[12](#hep29561-bib-0012){ref-type="ref"} However, most metabolic markers were discovered based on small pilot studies discriminating HCC from liver disease subjects.[13](#hep29561-bib-0013){ref-type="ref"}, [14](#hep29561-bib-0014){ref-type="ref"} We have also established several biomarker panels for HCC in some pilot and cross‐sectional studies.[15](#hep29561-bib-0015){ref-type="ref"}, [16](#hep29561-bib-0016){ref-type="ref"} These studies may reflect different metabolic aspects of HCC, but the limited study cohort or lack of effective validation restricts further clinic applications of these biomarkers.[17](#hep29561-bib-0017){ref-type="ref"} Due to the heterogeneity and variety of genetic backgrounds of patients, the lack of data from large‐scale samples for the validation of HCC biomarkers is a main deterrent to the development of these biomarkers.[12](#hep29561-bib-0012){ref-type="ref"}

A large number of samples from multiple centers is required to validate the reliability of these biomarkers. A commonly encountered problem during LC‐MS‐based metabolic profiling analysis in a large‐scale study is the limited repeatability of the measurement. To address the challenge, we developed a new technology known as a *pseudotargeted metabolomics method*,[18](#hep29561-bib-0018){ref-type="ref"} which acquires profiling data in the targeted multiple reaction monitoring mode but contains the metabolites defined from a nontargeted full‐scan mode; it can provide high‐quality and information‐rich data for a large‐scale metabolomics study.[19](#hep29561-bib-0019){ref-type="ref"}

The goal of the current LC‐MS‐based metabolomics study is to define more reliable serum biomarkers for diagnosing HCC using metabolome data from a large number of samples from multiple centers. Therefore, a total of 1,448 participants from six clinic centers in China were enrolled, and a three‐step analysis strategy, including discovery, test, and validation, was employed to identify and validate the clinical practicability of these novel biomarkers. Additionally, patients with S‐HCC were specifically recruited to assess the performance of the biomarkers in diagnosing early‐stage HCC. Furthermore, a nested case--control study, prospectively collecting sera from patients with preclinical HCC and at‐risk controls before clinical diagnosis, was used to evaluate the predictive capacity of these identified biomarkers for preclinical HCC. Two other cancers, gastric cancer (GSC) and intrahepatic cholangiocarcinoma (ICC), were used to assess the specificity of these potential biomarkers for HCC. The biological relevance of these biomarkers was further evaluated using HCC tissue specimens.

Patients and Methods {#hep29561-sec-0002}
====================

STUDY DESIGN AND PARTICIPANTS {#hep29561-sec-0003}
-----------------------------

In the present study, a total of 1,448 participants, including normal controls (healthy volunteers, NC) and patients with chronic hepatitis B (CHB) infections, liver cirrhosis (Cir), HCC, GSC, or ICC, from six clinic centers were enrolled between September 2008 and May 2014. The exclusion criteria were abnormal liver biochemistry, a history of liver disease or other systematic diseases for the healthy controls, and a history of acute diseases or other types of malignant diseases for patients with liver disease. In the discovery stage, all 108 fasting serum samples were collected at the First Hospital of Jilin University (Changchun, China). The test cohort of 684 participants was from First Hospital of Jilin University, the Eastern Hepatobiliary Surgery Institute of the Second Military Medical University (Shanghai, China). The validation cohort 1 of 572 participants was from First Hospital of Jilin University, the Eastern Hepatobiliary Surgery Institute of the Second Military Medical University, Zhongshan Hospital of Xiamen University (Xiamen, China), Shandong Provincial Hospital Affiliated to Shandong University (Ji\'nan, China), and Peking University People\'s Hospital (Beijing, China). The validation cohort 2 of 84 participants came from the Dongfeng--Tongji cohort including 27,009 participants[20](#hep29561-bib-0020){ref-type="ref"} in the nested case--control study. Sera of these 42 new cases of HCC were collected between September 2008 and March 2009 at an average of 1.7 (range 0.2‐3.0) years before the clinical diagnosis, and sera of these 42 well‐matched at‐risk controls, who had hepatitis B virus or liver cirrhosis but did not have HCC during the follow‐up period, were collected at a similar time (Fig. [1](#hep29561-fig-0001){ref-type="fig"}). Written informed consent was obtained from each participant. The study was approved by the ethics committee of each center and conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The HCC diagnosis was confirmed with ultrasound, computed tomography, or magnetic resonance imaging; and most cases were further diagnosed by histopathology according to the guidelines of the American Association for the Study of Liver Diseases.[21](#hep29561-bib-0021){ref-type="ref"} Cirrhosis was diagnosed based on clinical evidence of portal hypertension or hepatic decompensation according to the same guidelines. CHB was defined as the presence of hepatitis B surface antigen for \>6 months, concentrations of hepatitis B virus DNA \>10^5^ copies/mL, and elevated aspartate aminotransferase or alanine aminotransferase levels.[22](#hep29561-bib-0022){ref-type="ref"} The distributions of gender and age among groups were matched as much as possible, and detailed information is listed in Table [1](#hep29561-tbl-0001){ref-type="table"}.

###### 

Clinic Characteristics of the Subjects in Each Set

                        Discovery Set (n = 108)   Test Set (n = 684)   Validation Set (n = 656)                                                                                                                                                    
  --------------------- ------------------------- -------------------- -------------------------- ------------ -------------- --------------- ------------- ------------ ------------- --------------- --------------- ------------- ------------- --------------
  n                     31                        41                   36                         160          126            325             73            99           150           143             155             25            42            42
  Age (years)           50.2 ± 10.8               53.0 ± 9.9           58.4 ± 10.6                47.5 ± 6.5   51.9 ± 9.0     54.3 ± 10.5     62.2 ± 12.9   52.0 ± 4.5   46.2 ± 11.9   53.6 ± 10.4     53.6 ± 10.4     58.5 ± 11.4   66.5 ± 7.9    66.2 ± 8.1
  Sex (male/female)     24/7                      31/10                29/7                       89/71        94/32          272/53          52/21         79/20        92/58         103/40          130/25          17/7          32/10         32/10
  AFP (ng/mL)           --                        107.1 ± 282.8        487.5 ± 575.7              --           56.6 ± 202     372.8 ± 507.6   --            --           5.1 ± 6.4     79.2 ± 226      292.6 ± 452.2   --            3.5 ± 4.5     82.2 ± 162.1
  AST (U/L)             21.4 ± 6.4                80.5 ± 98.6          110 ± 186.7                23.4 ± 5.6   72.5 ± 85.3    75.4 ± 68.8     25.3 ± 17.0   20.9 ± 4.6   37.8 ± 25.5   166.3 ± 997.8   67.6 ± 79.3     --            24.3 ± 6.8    46.4 ± 42.8
  ALT (U/L)             20.1 ± 8.5                73.4 ± 117.4         76.9 ± 73.7                20.8 ± 9.4   71.1 ± 109.6   62.2 ± 54.3     18.8 ± 2.9    19.8 ± 7.3   47.8 ± 66.4   134.9 ± 696.2   76.5 ± 104.5    --            22.0 ± 10.5   40.5 ± 38.3
  TBIL (μmol/L)         13.4 ± 5.4                46.3 ± 56.3          68.3 ± 67.5                13.1 ± 5.6   51.7 ± 70.8    68.4 ± 174.2    --            15.2 ± 3.5   21.1 ± 19.4   55.2 ± 102      65.5 ± 79.4     28.0 ± 23.1   13.1 ± 5      19.5 ± 9.1
  DBIL (μmol/L)         3.6 ± 1.1                 20.7 ± 34.7          33.6 ± 45.6                3.8 ± 1.5    24.6 ± 41.5    64.2 ± 171.8    --            3.1 ± 0.9    7.1 ± 12.9    25.6 ± 51.6     37.6 ± 54.3     17.9 ± 20.0   3.9 ± 1.5     7.1 ± 5.1
  IBIL (μmol/L)         9.8 ± 4.4                 25.6 ± 24.4          42.5 ± 28.9                9.3 ± 4.5    27.1 ± 30.2    50.5 ± 62.8     --            12.0 ± 2.6   14.0 ± 9.0    29.7 ± 52.6     38.8 ± 32.7     10.1 ± 4.5    9.4 ± 3.9     12.5 ± 5.1
  TP (g/L)              74.9 ± 5                  63 ± 6.4             --                         75.3 ± 5.6   62.9 ± 8.5     --              --            75.0 ± 5.1   71.0 ± 5.5    63.2 ± 8.4      --              65.0 ± 8.6    --            --
  ALB (g/L)             46.6 ± 2.8                31.4 ± 5.4           --                         47.8 ± 4.1   31.0 ± 7       --              --            48.4 ± 3.7   45.1 ± 5.6    31.5 ± 7.1      --              36.6 ± 5.2    --            --
  Tumor diameter (cm)                                                                                                                                                                                                                              
  ≤3 (%)                --                        --                   0 (0)                      --           --             92 (28)         --            --           --            --              37 (24)         --            --            --
  \>3 (%)               --                        --                   36 (100)                   --           --             195 (60)        --            --           --            --              42 (27)         --            --            --
  NA (%)                --                        --                   0 (0)                      --           --             38 (12)         --            --           --            --              76 (49)         --            --            --

Data are presented as mean as the mean ± SD. In the cohort 2 of validation set, the cases were the pre‐HCC subjects before clinical diagnosis.

Abbreviations: ALB, albumin; ALT, alanine aminotransferase; AST, aspartate transaminase; DBIL, direct bilirubin; IBIL, indirect bilirubin; NA, not available; TBIL, total bilirubin; TP, total protein.

![Design of the study.](HEP-67-662-g001){#hep29561-fig-0001}

SERUM SAMPLE COLLECTION AND PRETREATMENT {#hep29561-sec-0004}
----------------------------------------

Serum samples were collected at 6:00‐8:00 [am]{.smallcaps} after an overnight fast to eliminate the disturbance of diet.[23](#hep29561-bib-0023){ref-type="ref"} Then all samples were immediately stored in a --80°C refrigerator and thawed on ice before analysis.[24](#hep29561-bib-0024){ref-type="ref"} Eighty microliters of sample were mixed with 320 μL of acetonitrile by vortexing for 60 seconds. Then, the sample was centrifuged at 18,920 g for 10 minutes (4°C) to precipitate the protein. Two 150‐μL aliquots of supernatant were transferred and lyophilized for the analysis in positive and negative electrospray ionization (ESI^+^ and ESI^−^) mode, respectively. Fifty microliters of a 25% (by volume) acetonitrile aqueous solution were used to reconstitute the sample before the LC‐MS analysis. A quality control (QC) sample was prepared by pooling a large number of serum samples from the biobank in our laboratory. Pretreatment of the QC samples paralleled and was the same as that of the study samples. The QC samples were evenly inserted in each set of the analysis running sequence to monitor the stability of the large‐scale analysis.[19](#hep29561-bib-0019){ref-type="ref"}

LC‐MS ANALYSIS {#hep29561-sec-0005}
--------------

A modified pseudotargeted method[18](#hep29561-bib-0018){ref-type="ref"} was used to acquire the LC‐MS spectra in the discovery and test sets. The acquisition was performed with an ACQUITY UPLC system (Waters, Milford, MA) coupled to a Q‐Trap 5500 mass spectrometer system (AB SCIEX, Framingham, MA). A Waters ACQUITY BEH C8 column (100 × 2.1 mm, 1.7 μm) and an HSS T3 column (100 × 2.1 mm, 1.8 μm) were used in ESI^+^ and ESI^--^ mode, respectively. A targeted analysis was used to quantify the identified biomarkers in the validation set. Separation and acquisition were performed using the LC (Nexera x2)‐MS (TQ8050) system (Shimadzu, Kyoto, Japan). Detailed experimental conditions of LC separation and MS detection are described in the [Supporting Information](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo).

TISSUE PRETREATMENT AND LC‐MS ANALYSIS {#hep29561-sec-0006}
--------------------------------------

HCC tissues (HCT), paired adjacent noncancerous tissue (2 cm from the tumor), and distal noncancerous tissues (\>5 cm from the tumor) were collected from 50 HCC patients. The metabolic profiles of these tissues were detected using LC‐MS. Detailed information regarding the pretreatment and LC‐MS analysis was published in our previous report.[25](#hep29561-bib-0025){ref-type="ref"}

DATA ANALYSIS {#hep29561-sec-0007}
-------------

A multivariate analysis was performed using the software SIMCA‐P 11.0 (Umetrics AB, Umea, Sweden). An unsupervised model of principal component analysis with unit variance scaling was applied to assess the holistic metabolome alterations among groups and monitor the stability of the study. A supervised model of partial least squares discriminant analysis with unit variance scaling was performed to maximize the distance between groups and identify important variables with an important contribution to the classification according to its variable important in the projection (VIP).[26](#hep29561-bib-0026){ref-type="ref"} A permutation test was performed 200 times to assess the risk of overfitting for the model.

A univariate analysis was performed using the Multiple Experiment Viewer 4.7.4 software (<http://www.tm4.org>). A Wilcoxon Mann‐Whitney test with Benjamini‐Hochberg‐based false discovery rate was used for the statistical analysis, setting *P* \< 0.05 and the false discovery rate \<0.05 as the significance levels. A heat map was also obtained to express the results of correlation analysis. The biomarker model was established and assessed using SPSS 18.0 software (SPSS, Inc.). Binary logistic regression was used to build the model based on the potential biomarkers. A receiver‐operating characteristic curve was used to evaluate the results of the regression analysis. Correlation analysis of the metabolites and clinical parameters was also performed using SPSS. The pathway analysis based on the differential metabolites was applied by the software MetaboAnalyst (<http://www.metaboanalyst.ca>) to reveal the important disturbed metabolic pathways.

Results {#hep29561-sec-0008}
=======

DEMOGRAPHICS OF THE STUDY COHORT {#hep29561-sec-0009}
--------------------------------

The workflow of the study is presented in Fig. [1](#hep29561-fig-0001){ref-type="fig"}. To define biomarker candidates, 108 serum samples in the discovery set were collected. A total of 684 participants, including 325 patients with HCC, were recruited to test these biomarker candidates and define potential biomarkers in the test set. Patients with a solitary HCC nodule or at most two nodules \<3 cm in diameter, which were primarily S‐HCC, were used to assess the diagnostic potential of the metabolite biomarkers for early‐stage HCC in this set. Among the 325 subjects with HCC, 92 (28%) were diagnosed with S‐HCC. Additionally, another independent cohort of 572 subjects (cohort 1 of validation set), containing 99 NC, 143 patients with CHB, 150 patients with Cir, and 155 patients with HCC, and 25 patients with ICC, was used to establish the metabolite panel model and evaluate its diagnostic performance. Finally, this established model was applied to cohort 2, which were from 42 new cases of HCC and 42 well‐matched at‐risk controls, to evaluate the predictive capacity of this identified biomarker panel for preclinical HCC. The clinical information for all subjects is listed in Table [1](#hep29561-tbl-0001){ref-type="table"}.

METABOLIC PROFILING OF SERUM {#hep29561-sec-0010}
----------------------------

Typical extracted ion chromatograms from two ESI modes are displayed in [Supporting Fig. S1](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo). Coefficients of variation of the distribution of peaks in the QC samples showed that the present analysis was stable and repeatable ([Supporting Fig. S2](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)). Additionally, in the principal component analysis score plots of both the discovery and test sets (Fig. [2](#hep29561-fig-0002){ref-type="fig"}), the QC samples clustered tightly together, which further confirmed the reliability of the present study. Furthermore, the discrimination trends among samples from the NC, Cir, and HCC groups revealed significant systematic metabolic differences among these groups. Finally, 239 were identified based on our previous study,[27](#hep29561-bib-0027){ref-type="ref"}, [28](#hep29561-bib-0028){ref-type="ref"} searches of our home‐developed database (containing more than 2,000 metabolite standards), and online databases (HMDB and Metlin) or confirmed with authentic standards. These variables were used for the subsequent multivariate and univariate analyses.

![Score plots of principal component analysis based on the combinational data of ESI^+^ and ESI^−^ modes from the discovery set (A) and the test set (B). Colors and shapes display the subjects from different groups (![](HEP-67-662-g006.jpg "image"), normal controls; ![](HEP-67-662-g007.jpg "image"), patients with cirrhosis; ![](HEP-67-662-g008.jpg "image"), patients with HCC; and ![](HEP-67-662-g009.jpg "image"), QC samples).](HEP-67-662-g002){#hep29561-fig-0002}

DEFINING OF POTENTIAL METABOLIC BIOMARKERS FOR HCC {#hep29561-sec-0011}
--------------------------------------------------

First, the partial least squares discriminant analysis score plot (Fig. [3](#hep29561-fig-0003){ref-type="fig"}A) revealed apparent separations among these groups without overfitting ([Supporting Fig. S3](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)) in the discovery set. Fifty‐seven metabolites with VIP \>1.0 on two principal components were identified as important variables to contribute the classifications (Fig. [3](#hep29561-fig-0003){ref-type="fig"}B). Subsequently, a univariate analysis was used to determine whether these 57 metabolites were significantly altered in the HCC group compared with the NC and Cir groups. Finally, 17 of these metabolites exhibited *P* \< 0.05 and a false discovery rate \<0.05 in the two comparisons (Fig. [3](#hep29561-fig-0003){ref-type="fig"}C).

![Identification of potential metabolic biomarkers for the diagnosis of HCC. (A) Partial least squares discriminant analysis score plot based on NC, Cir, and HCC groups in the discovery set. (B) Venn diagram displays variables with VIP values \>1 on two principal components (VIP1 and VIP2). (C) Venn diagram displays the differential metabolites when the HCC group was compared with the NC and Cir groups in the discovery set, respectively. Serum relative concentrations of defined potential biomarkers of Phe‐Trp (D) and GCA (E) in the discovery, test, and validation sets, respectively. ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01, and ^\*\*\*^ *P* \< 0.001 when compared with NC/controls, respectively; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, and ^\#\#\#^ *P* \< 0.001 when compared with HCC, respectively. All data are presented as mean ± SE. Abbreviation: FDR, false discovery rate.](HEP-67-662-g003){#hep29561-fig-0003}

An independent test cohort of 684 individuals (Fig. [1](#hep29561-fig-0001){ref-type="fig"}) was used to evaluate the reliability of 17 biomarker candidates and define the useful biomarkers. These potential biomarkers must satisfy the following criteria: (1) significant differences in the four comparisons (HCC versus NC, HCC versus Cir, S‐HCC versus NC, and S‐HCC versus Cir) and (2) simultaneously maintaining the same change trend as the discovery set for these comparisons. Ultimately, eight metabolites were retained: phenylalanyl‐tryptophan (Phe‐Trp); glycocholate (GCA); taurocholate; lysophosphatidylethanolamines 18:2, 20:5, and 22:4; choline; and taurine. Subsequently, a binary logistic regression analysis and an optimized algorithm of the forward stepwise (Wald) method were employed to construct the best model using these eight potential metabolite biomarkers.[29](#hep29561-bib-0029){ref-type="ref"} Finally, the combination of Phe‐Trp and GCA (Fig. [3](#hep29561-fig-0003){ref-type="fig"}D,E) was defined as the ideal biomarker panel to distinguish patients with HCC from subjects without HCC.

The diagnostic performance of this metabolic panel was notably higher than that of AFP (with a cutoff of 20 ng/mL), such as AUC values of 0.930 and 0.892 versus 0.657 and 0.725 in the discrimination of HCC from Cir in the discovery and test sets, respectively (Table [2](#hep29561-tbl-0002){ref-type="table"}). Furthermore, the serum metabolite panel had a higher sensitivity and similar specificity when compared with AFP (80.2% versus 45.3% and 78.4% versus 78.4%) to identify patients with S‐HCC from the high‐risk population of Cir in the test set (Table [2](#hep29561-tbl-0002){ref-type="table"}). Additionally, for the AFP false‐negative (AFP \<20 ng/mL) patients with HCC and S‐HCC, the diagnostic accuracy of this panel was 80.6% and 74.5%, respectively (Fig. [4](#hep29561-fig-0004){ref-type="fig"}B). Based on these results, the stepwise identification provides reliable metabolite biomarkers for HCC diagnosis.

###### 

Results of Measurement of the Serum Metabolite Panel, AFP, or Both in the Diagnosis of HCC

                               Discovery Set         Test Set   Validation Set (Cohort 1)                                                                     
  ---------------------------- --------------------- ---------- --------------------------- --------------------- ------ ------ ---------------------- ------ ------
  HCC versus non‐HCC                                                                                                                                          
  2‐Meta                       0.951 (0.914‐0.989)   88.9       88.9                        0.936 (0.917‐0.955)   88.6   85.7   0.875 (0.846‐0.905)    91.6   72.2
  HCC versus Cir                                                                                                                                              
  2‐Meta                       0.930 (0.871‐0.988)   88.9       82.9                        0.892 (0.856‐0.929)   86     78.4   0.807 (0.753‐0.861)    92.1   52.8
  AFP                          0.657 (0.528‐0.786)   61.8       56.1                        0.725 (0.671‐0.779)   56.4   78.4   0.650 (0.582‐0.718)    50.4   73.2
  2‐Meta+AFP                   1.000 (1.000‐1.000)   100        100                         0.905 (0.872‐0.938)   81.4   87.4   0.826 (0.774‐0.877)    77.9   76.4
  HCC versus (CHB and Cir)                                                                                                                                    
  2‐Meta                       ---                   ---        ---                         ---                   ---    ---    0.826 (0.779‐0.873)    92.1   63.8
  AFP                          ---                   ---        ---                         ---                   ---    ---    0.682 (0.620‐0.745)    50.4   78.4
  2‐Meta+AFP                   ---                   ---        ---                         ---                   ---    ---    0.847 (0.803‐0.891)    77.9   78.4
  S‐HCC versus Cir                                                                                                                                            
  2‐Meta                       ---                   ---        ---                         0.866 (0.816‐0.916)   80.2   78.4   0.753 (0.664‐0.843)    80.6   52.8
  AFP                          ---                   ---        ---                         0.682 (0.607‐0.757)   45.3   78.4   0.676 (0.575‐0.778)    55.6   73.2
  2‐Meta+AFP                   ---                   ---        ---                         0.870 (0.820‐0.919)   74.4   87.4   0.774 (0.688‐0.861)    66.7   76.4
  S‐HCC versus (CHB and Cir)                                                                                                                                  
  2‐Meta                       ---                   ---        ---                         ---                   ---    ---    0.771 (0.689‐ 0.854)   80.6   63.8
  AFP                          ---                   ---        ---                         ---                   ---    ---    0.711 (0.614‐0.808)    55.6   78.4
  2‐Meta+AFP                   ---                   ---        ---                         ---                   ---    ---    0.801 (0.722‐0.878)    66.7   78.4

Abbreviations: CI, confidence interval; 2‐Meta, serum metabolite panel.

![Diagnostic performances of serum metabolite panel (2‐Meta), AFP, and both in the diagnosis of HCC and S‐HCC. (A‐C) Diagnostic accuracy of 2‐Meta in the individuals from groups CHB, Cir, HCC, and S‐HCC or falsely diagnosed patients by AFP in the discovery, test, and validation (cohort 1) sets, respectively. AFP^+^, false‐positive AFP (CHB and Cir patients with AFP \>20 ng/mL), AFP^--^, false‐negative AFP (HCC and S‐HCC patients with AFP \<20 ng/mL).](HEP-67-662-g004){#hep29561-fig-0004}

VALIDATION OF THE BIOMARKER PANEL FOR HCC {#hep29561-sec-0012}
-----------------------------------------

To validate the diagnostic potential of this serum metabolite panel for HCC detection, 572 samples from another independent cohort (validation cohort 1) were used. Notably, 150 CHB patients were enrolled in this cohort to enrich the clinical background of the at‐risk controls. The serum concentrations of Phe‐Trp and GCA determined by the isotope‐labeled quantification method were used to establish this metabolic panel by a logistical regression model. The methodology validation of this measurement indicated that the quantification was robust enough to detect Phe‐Trp and GCA in serum ([Supporting Table S1](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)). Finally, this metabolite panel for the detection of HCC was constructed as follows: logit\[*P* = HCC\] = --23.323 × \[Phe‐Trp\] + 0.007 × \[GCA\] + 1.727. In this equation, \[*P* = HCC\] is the predicted probability of HCC by this panel, \[Phe‐Trp\] and \[GCA\] mean serum concentrations of Phe‐Trp and GCA, respectively. The cutoff value of \[*P* = HCC\] was 0.218. Similar to the results of the discovery and test sets, the metabolic panel showed a higher diagnostic performance than that of AFP not only for HCC but also for S‐HCC from the high‐risk population (Cir) (AUC 0.807 versus 0.650, 0.753 versus 0.676, respectively) (Table [2](#hep29561-tbl-0002){ref-type="table"}). Moreover, 90.5% and 75.0% of the AFP false‐negative patients with HCC and S‐HCC (AFP \< 20 ng/mL) were accurately diagnosed using the metabolite panel (Fig. [4](#hep29561-fig-0004){ref-type="fig"}C).

Validation cohort 2 of 84 samples was used to further evaluate the above constructed metabolite panel. This panel had higher sensitivity (range 80.0%‐70.3%) than that of AFP (range 40.0%‐26.2%) in the discrimination of subjects who developed HCC from those who did not before the clinical diagnosis (Table [3](#hep29561-tbl-0003){ref-type="table"}). Besides, the sensitivity of this panel for preclinical HCC diagnosis maintained the increased trend with the time interval from 3 years to 1 year (from 71.4% to 80.0%), whereas its specificity (range 47.6%‐80.0%) was lower than that of AFP (range 100%‐93.8%) at every time point before the clinical diagnosis. The combination with AFP resulted in a slight increase of specificity but similar sensitivity when compared with this panel alone (Table [3](#hep29561-tbl-0003){ref-type="table"}). Additionally, in the 1 year before clinical diagnosis of samples, the levels of Phe‐Trp and GCA were significantly changed in preclinical HCC individuals when compared with risk controls, whose alterations were consistent with the changes in HCC subjects when compared with controls in the discovery and test sets (Fig. [3](#hep29561-fig-0003){ref-type="fig"}D,E). These results indicated that this serum metabolic panel had the potential to screen preclinical HCC from high‐risk populations before clinical diagnosis.

###### 

Performance of Serum Metabolite Panel, AFP, or Both in Prediction of HCC by Year Before Clinical Diagnosis in Cohort 2 of the Validation Set

                    1 Year Before (n = 10 × 2)   1.5 Years Before (n = 16 × 2)   2 Years Before (n = 28 × 2)   2.5 Years Before (n = 37 × 2)   3 Years Before (n = 42 × 2)
  ----------------- ---------------------------- ------------------------------- ----------------------------- ------------------------------- -----------------------------
  2‐Meta                                                                                                                                       
  AUC               0.790                        0.738                           0.689                         0.647                           0.635
  (95% CI)          (0.581‐0.999)                (0.557‐0.920)                   (0.550‐0.828)                 (0.522‐0.773)                   (0.513‐0.751)
  Sensitivity (%)   80.0                         75.0                            75.0                          70.3                            71.4
  Specificity (%)   80.0                         68.8                            57.1                          51.4                            47.6
  AFP                                                                                                                                          
  AUC               0.740                        0.674                           0.633                         0.619                           0.622
  (95% CI)          (0.518‐0.962)                (0.482‐0.866)                   (0.482 ‐0.783)                (0.489‐0.750)                   (0.500‐0.745)
  Sensitivity (%)   40.0                         37.5                            28.6                          27.0                            26.2
  Specificity (%)   100.0                        93.8                            96.4                          97.3                            97.6
  2‐Meta&AFP                                                                                                                                   
  AUC               0.880                        0.789                           0.742                         0.726                           0.721
  (95% CI)          (0.723‐1.037)                (0.618‐0.961)                   (0.610‐0.874)                 (0.608‐0.844)                   (0.610‐0.833)
  Sensitivity (%)   60.0                         68.8                            64.3                          64.9                            64.3
  Specificity (%)   100.0                        87.5                            78.6                          78.4                            78.6

Abbreviations: CI, confidence interval; 2‐Meta, serum metabolite panel.

The other two cancers, GSC and ICC, were specifically included in this study to assess the specificity of these potential biomarkers for HCC. Compared to the GSC or ICC group, the serum level of Phe‐Trp significantly declined in the HCC group, whereas the level of GCA was remarkably raised in HCC subjects (Fig. [3](#hep29561-fig-0003){ref-type="fig"}D,E). Furthermore, the combination of these two metabolites distinguished patients with HCC from patients with GSC or ICC with AUC of 0.946 or 0.829, respectively ([Supporting Fig. S4](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)), suggesting that the metabolic panel is specific for HCC.

ASSOCIATIONS OF THE BIOMARKER PANEL WITH CLINICAL CHARACTERISTICS AND HCC {#hep29561-sec-0013}
-------------------------------------------------------------------------

A pathway analysis of all differential metabolites ([Supporting Table S2](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)) revealed that HCC‐induced metabolic perturbations were mainly related to primary bile acid biosynthesis; glycerophospholipid metabolism; glycine, serine, and threonine metabolism; tryptophan metabolism; and taurine and hypotaurine metabolism ([Supporting Fig. S6](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)).

A correlation analysis of the content of these differential metabolites ([Supporting Table S2](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)) and clinical characteristics was performed to obtain a better understanding of the relationship between the serum metabolite profiles and the HCC phenotype. The levels of several bile acids were positively associated with the levels of aspartate aminotransferase, alanine aminotransferase, total bilirubin, direct bilirubin, and indirect bilirubin and negatively associated with total protein and albumin levels. In contrast, the levels of Phe‐Trp, serotonin, inositol, choline, taurine, etc., showed inverse relationships. Apparently, the levels of these different metabolites were not associated with body mass index, AFP levels, age, and sex (Fig. [5](#hep29561-fig-0005){ref-type="fig"}A). We also found that these two biomarkers were not different between hepatitis B and C virus infections.

![Understanding the biological relevance of the biomarkers for the HCC diagnosis. (A) Heat map of the Pearson correlation coefficients between differential metabolite contents and clinical parameters. Only metabolites with absolute values of correlation coefficient \>0.5 and *P* values \<0.05 were left, and the shades of the color represent the strength of the relationship (red, black, and green represent the positive, no, and negative correlations, respectively). (B,C) Histograms of potential biomarkers in distal noncancerous tissue, adjacent noncancerous tissue, and HCT specimens. All data are presented as mean ± SE. Abbreviations: ALB, albumin; ALT, alanine aminotransferase; ANDS, androsterone sulfate; ANT, adjacent noncancerous tissue; AST, aspartate aminotransferase; BMI, body mass index; DBIL, direct bilirubin; DHTS, dihydrotestosterone sulfate; DMHC, dimethylheptanoylcarnitine; DNT, distal noncancerous tissue; FFA, free fatty acid; GCDCA, glycochenodeoxycholate; GCDCS, glycoursodeoxycholate sulfate; IBIL, indirect bilirubin; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; TBIL, total bilirubin; TCDCA, taurochenodeoxycholate; TCA, taurocholate; TP, total protein.](HEP-67-662-g005){#hep29561-fig-0005}

To further reveal the biological relevance of these markers in patients with HCC, we investigated the levels of Phe‐Trp and GCA in paired HCT, adjacent noncancerous tissue, and distal noncancerous tissue specimens from 50 patients with HCC in our previous study.[25](#hep29561-bib-0025){ref-type="ref"} Phe‐Trp level was significantly decreased in the HCT compared to the distal noncancerous tissue (Fig. [5](#hep29561-fig-0005){ref-type="fig"}B) and accompanied by elevated levels of tryptophan and phenylalanine ([Supporting Fig. S5](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)). The levels of several bile acids were significantly decreased in the tumor tissues (Fig. [5](#hep29561-fig-0005){ref-type="fig"}C; [Supporting Fig. S5](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)).

Discussion {#hep29561-sec-0014}
==========

Currently, the identification of novel potential serum biomarkers for the detection of HCC remains a vital goal, particularly for the diagnosis of early‐stage HCC. However, only a few biomarker candidates have been translated to clinical applications due to the limited study cohorts or diagnostic performance. For example, only 9 of 1,261 protein candidates have been approved by the Food and Drug Administration as "tumor‐associated antigens" in nearly 160 years.[30](#hep29561-bib-0030){ref-type="ref"}

In the present study, several cohorts with 1,448 subjects, including groups of NC, CHB, Cir, and HCC, were recruited from multiple centers (Fig. [1](#hep29561-fig-0001){ref-type="fig"}). We employed the "pseudotargeted" metabolomics method to screen biomarkers.[18](#hep29561-bib-0018){ref-type="ref"} Some of the biomarkers may be among the unidentified metabolites, but for clinical application, they should be identified. Therefore, in our study we did our best to identify as many metabolites as possible (see [Supporting Information](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)). After systematic selection using multivariate and univariate statistical analyses, a biomarker panel consisting of Phe‐Trp and GCA was identified and validated. The serum biomarker panel separated HCC from the high‐risk population (Cir) with higher performance than did AFP (AUC 0.930, 0.892, and 0.807 versus 0.657, 0.725, and 0.650) (Table [2](#hep29561-tbl-0002){ref-type="table"}). The diagnostic accuracy range of HCC was 86.0%‐92.5%, and that of cirrhosis was 63.8%‐82.9% by this panel in three sets. Furthermore, among the AFP false‐negative (HCC with AFP \< 20 ng/mL) and false‐positive (cirrhosis with AFP \> 20 ng/mL) patients, the diagnostic accuracy of the novel metabolite biomarkers was also satisfactory (Fig. [4](#hep29561-fig-0004){ref-type="fig"}), which indicates the complementarity of the metabolite biomarker panel and AFP. Additionally, in the comparisons with other two cancers, this metabolite panel showed high selectivity for HCC (Fig. [3](#hep29561-fig-0003){ref-type="fig"}D,E; [Supporting Fig. S4](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)).

The screening of early‐stage HCC remains a challenge. In the present study, the early diagnostic performance of the serum metabolite panel was also tested in patients with S‐HCC. This metabolite panel effectively discriminated patients with S‐HCC from the high‐risk population in the test cohort with a higher AUC than that of AFP (0.866 versus 0.682), which was further confirmed in cohort 1 of the validation set (Table [2](#hep29561-tbl-0002){ref-type="table"}). These results highlight the early diagnostic potential of this metabolite biomarker panel.

Another unique aspect of the present study is the validation of the nested case--control study. In the preclinical HCC screening, the metabolic panel had higher sensitivity than that of AFP, whereas its specificity was lower (Table [3](#hep29561-tbl-0003){ref-type="table"}). Additionally, the increased trend of sensitivity of this panel along with the time before clinical diagnosis conformed to the clinical progression of HCC. Furthermore, the combination with AFP could provide a better prediction of pre‐HCC before clinical diagnosis (Table [3](#hep29561-tbl-0003){ref-type="table"}), which indicates the complementarity of this panel and AFP. These results demonstrated that this serum metabolic panel had the potential to screen the preclinical HCC from high‐risk populations before clinical diagnosis.

Differential pathway analysis revealed that the metabolic reprogramming was mainly related to metabolism of bile acids, amino acids, and lipids during the progression of HCC ([Supporting Fig. S6](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)). What is more, the pathways related to the identified biomarkers will provide insights into the underlying pathogenesis of HCC, such as the perturbations of energy metabolism, oxidative stress, and inflammation during the development of HCC.

The levels of most bile acids were significantly increased in patients with liver disease compared with healthy controls ([Supporting Table S2](http://onlinelibrary.wiley.com/doi/10.1002/hep.29561/suppinfo)). These results are consistent with many other reports.[31](#hep29561-bib-0031){ref-type="ref"}, [32](#hep29561-bib-0032){ref-type="ref"} According to recent evidence, bile acids play important roles in regulating cell apoptosis, energy metabolism, oxidative stress, and inflammation by activating the G protein--coupled receptor TGR5 and/or nuclear receptor farnesoid X receptor.[33](#hep29561-bib-0033){ref-type="ref"}, [34](#hep29561-bib-0034){ref-type="ref"}, [35](#hep29561-bib-0035){ref-type="ref"} High levels of bile acids have been shown to induce reactive oxygen species production and cell apoptosis in rat and human hepatocytes,[36](#hep29561-bib-0036){ref-type="ref"} thereby leading to liver injury and impaired hepatic function.[16](#hep29561-bib-0016){ref-type="ref"} Additionally, bile acids and the gut microbiota have profound influences on each other.[37](#hep29561-bib-0037){ref-type="ref"} Consistent with these findings, the levels of circulating bile acids were significantly and positively associated with the levels of alanine aminotransferase, aspartate transaminase, and bilirubin (Figs. [3](#hep29561-fig-0003){ref-type="fig"}E and [5](#hep29561-fig-0005){ref-type="fig"}A). Increased levels of bile acids in the circulation are usually caused by elevated synthesis of bile acids or liver injury.[32](#hep29561-bib-0032){ref-type="ref"}, [38](#hep29561-bib-0038){ref-type="ref"} Many studies have revealed that the synthesis of bile acids in malignant cancer cell is down‐regulated by fibroblast growth factor 19, which can promote carcinogenesis of the liver.[39](#hep29561-bib-0039){ref-type="ref"}, [40](#hep29561-bib-0040){ref-type="ref"}, [41](#hep29561-bib-0041){ref-type="ref"} We also found a lowered level of bile acids in tumorous tissues (Fig. [5](#hep29561-fig-0005){ref-type="fig"}C). Consistent with many other studies,[42](#hep29561-bib-0042){ref-type="ref"}, [43](#hep29561-bib-0043){ref-type="ref"} we think the liver injury caused by the development of liver tumor plays an important role in the elevation of bile acids in the circulation. Therefore, bile acids may be used to indicate liver injury and hepatic function during the progression of HCC.

Phe‐Trp is a dipeptide, which is the product of protein breakdown.[44](#hep29561-bib-0044){ref-type="ref"} Many studies have revealed that the perturbed dipeptide metabolism plays an important role in disease development.[45](#hep29561-bib-0045){ref-type="ref"}, [46](#hep29561-bib-0046){ref-type="ref"} In our study, circulating Phe‐Trp levels progressively decreased in NC and patients with Cir and HCC and were positively associated with the total protein and albumin levels. This finding is consistent with the results of a small pilot study by Fitian et al.[13](#hep29561-bib-0013){ref-type="ref"} We hypothesized that the decrease in Phe‐Trp levels may be caused by the elevated hydrolysis in the gut. The side chain of tryptophan may be cleaved by gut bacteria, which may decrease the *de novo* synthesis of nicotinamide adenine dinucleotide, leading to the development of HCC.[47](#hep29561-bib-0047){ref-type="ref"}, [48](#hep29561-bib-0048){ref-type="ref"} Because aromatic amino acids are mainly metabolized in the gut,[49](#hep29561-bib-0049){ref-type="ref"} Phe‐Trp, as a donor of tryptophan, may be altered by gut microbiota during the development of HCC, which may lead to a significant decrease of the dipeptide in the circulation. However, the detailed mechanism should be further studied.

This multicenter metabolomics study provides a practical strategy for screening HCC using a small aliquot of serum. The results may be used as an index for further clinical examinations of patients. However, there are some limitations of this study. Firstly, the metabolites measured in the study were still limited due to the trade‐off among coverage, throughput, and cost. To gain a relatively wide metabolite coverage, we selected an effective and robust reversed‐phase LC‐MS‐based metabolomics method. Secondly, although 27,009 participants constituted the Dongfeng--Tongji cohort, only 42 new cases of HCC were found in the nested case--control study during the 3‐year follow‐up period. Because most cases of HCC were developed from hepatitis B virus infection, we believe that the study will be more powerful when more new HCC cases are recruited in a case--control study. Finally, to improve the outcome of HCC is the most important task of the clinic. We are still collecting prognostic information on these patients, and the outcome results will be reported in the future.

In summary, a biomarker panel consisting of Phe‐Trp and GCA was defined and validated as an effective tool for the detection of HCC by a multicenter cross‐sectional study. The biomarker panel could identify AFP false‐negative HCC patients and discriminate patients with S‐HCC from a high‐risk population, whose diagnostic performance was better than that of AFP. Additionally, this metabolite panel showed high selectivity for HCC among other cancers. Moreover, this panel might predict the risk of HCC development in high‐risk populations before clinical diagnosis, which is meaningful for the surveillance of patients with preclinical HCC. Therefore, we believe this metabolic panel has potential in clinical practice for HCC diagnosis.
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